A variety of receptors coupled to the heterotrimeric guanine nucleotide-binding protein G q/11 stimulate intracellular Ca 2+ release through inositol (1,4,5)-trisphosphate (IP 3 ) formation. We previously reported that tyrosine phosphorylation of the a subunit of the G q/11 protein by protein tyrosine kinases (PTKs) regulates the activation of G q/11 protein. Here we show that protein tyrosine phosphatases (PTPs) are also essential for G q/11 protein activation. We ®nd that G q/11 protein-coupled receptor-mediated formation of IP 3 is blocked by PTP inhibitors as well as PTK inhibitors. These inhibitors act prior to G q/11 protein activation. Tyrosine phosphorylation of the a subunit of G q/11 appears to inhibit its interaction with receptors. Thus, PTP is required for controlling the level of tyrosine phosphorylation of the a subunit of G q/11 to promote its interaction with receptors. Therefore, we conclude that PTKs and PTPs co-operate to proceed activation cycle of the G q/11 protein through tyrosine phosphorylation and de-phosphorylation of the a subunit of G q/11 .
G proteins have been implicated as critical elements in cell dierentiation, cell growth, and oncogenesis, and are composed of three polypeptides a, b, and g. The a subunit binds and hydrolyzes GTP, and the b and g subunits form a bg dimer. G proteins become active on binding GTP, but their intrinsic ability to hydrolyze GTP converts them to the inactive GDP-bound form. They remain in this state until the GDP is exchanged for GTP in response to a receptor. When GDP is bound to Ga, the Ga subunit associates with the Gbg dimer to form an inactive heterotrimer. Following stimulation of the G protein-coupled receptors (GPCRs) with its ligand, the receptor changes its conformation, then interacts with G protein, and catalyzes the release of GDP from Ga. The leaving GDP is replaced with GTP, which initiates a conformational change in the Ga subunit that results in dissociation of Ga from both the receptor and the Gbg dimer (Neer, 1995; Hamm and Gilchrist, 1996) . Thus, the interaction of G proteins with the receptors and the subsequent G protein activation are achieved through their conformational changes. However, the precise in vivo mechanisms of the receptor-G protein interaction and G protein activation remain to be elucidated.
The Ga subunits are divided into four classes: Ga s , Ga i , Ga q , and Ga 12 . The Ga subunits that regulate phospholipase Cb (PLCb) belong to the G q class (Ga q , Ga 11 , Ga 14 , Ga 15/16 ) (Simon et al., 1991) . PLCb catalyzes GPCRs-mediated formation of inositol (1,4,5)-trisphosphate (IP 3 ), which controls many cellular processes by generating internal Ca 2+ signals (Berridge, 1993; Clapham, 1995) . We previously showed that tyrosine phosphorylation of the a subunit of G q and/or G 11 (G q/ 11 ) regulates the activation of G q/11 protein (Umemori et al., 1997) . Moreover, stimulation of G q/11 -coupled receptors, namely carbachol (100 mM) stimulation of M1 mAChR (Umemori et al., 1997) and glutamate (100 mM) stimulation of mGluR1a (data not shown), induced phosphorylation on a tyrosine residue (Y356) of the Ga q/ 11 subunit, and this tyrosine phosphorylation event was essential for G q/11 activation.
The metabotropic glutamate receptor 1a (mGluR1a) is a member of G q/11 protein-coupled glutamate receptors (Nakanishi, 1994; Pin and Bockaert, 1995) . Application of glutamate to the mGluR1a-expressing Chinese hamster ovary (CHO) cells induces signi®cant tyrosine phosphorylation of cellular proteins within 1 min. As mGluR1a stimulates intracellular Ca 2+ release through IP 3 formation (Nakanishi, 1994) , we examined the possible role of protein tyrosine kinases (PTKs) in IP 3 -Ca 2+ signaling and showed that PTK activity is speci®cally required for IP 3 formation through mGluR1a (Umemori et al., 1997) . The levels of tyrosine phosphorylation are controlled through the co-ordinated action of PTKs and protein tyrosine phosphatasae (PTPs). Thus, we set out experiments to test whether PTPs are also involved in mGluR1a-mediated signaling. The mGluR1a-mediated tyrosine phosphorylation was enhanced in the presence of vanadate/H 2 O 2 , a PTP-speci®c inhibitor (Wang and Salter, 1994; Hunter, 1995; Lev et al., 1995; Umemori et al., unpublished) . To address whether PTPs are involved in the IP 3 -Ca 2+ signaling pathway initiated by mGluR1a, we examined the mGluR1a-mediated increase in intracellular Ca 2+ concentration in the presence or absence of PTP inhibitors. Two kinds of PTP-speci®c inhibitors, vanadate/H 2 O 2 and phenylarsine oxide (PAO) (Youse® et al., 1994) , completely suppressed the intracellular Ca 2+ increase on the application of glutamate to the mGluR1a-expressing CHO cells (Figure 1) . Therefore, the increase in intracellular Ca 2+ concentration through mGluR1a requires PTP activity in CHO cells.
We next examined the formation of IP 3 in the presence or absence of PTP inhibitors. Glutamateinduced IP 3 formation was almost completely abolished in the presence of the PTP inhibitors, PAO and vanadate/H 2 O 2 (Figure 2a) . On the other hand, the IP 3 formation was not much aected by a serine/ threonine phosphatase inhibitor, okadaic acid ( Figure  2a ). Thus, PTP activity is speci®cally required for IP 3 formation.
We then examined the IP 3 -Ca 2+ signaling through other G q/11 protein-coupled receptors, M1 and M3 mAChRs (Fukuda et al., 1988) . As shown in Figure  2b , agonist (carbachol)-induced IP 3 formation was almost completely abolished by the presence of the PTP inhibitor vanadate in M1 or M3 mAChRsexpressing CHO cells. Therefore, activities of PTPs are required for the formation of IP 3 through M1 and M3 mAChRs. From these results, we conclude that PTP are involved in IP 3 formation induced by G q/11 protein-coupled receptors. Our unpublished data showed that treatment with vanadate per se induced tyrosine phosphorylation of Ga q/11 . We previously reported that tyrosine phosphorylation of Ga q/11 is required for its activation (Umemori et al., 1997) . However, present data argue that tyrosine dephosphorylation of Ga q/11 may also be important. The mechanisms by which tyrosine phosphorylation and dephosphorylation events would be involved in the GPCR signaling are discussed below.
It is formally possible that PTP inhibitors might non-speci®cally inhibit Ca 2+ increase and IP 3 formation. However, there are reports that argue against this concern. Although stimulation of the Gi-coupled thrombin receptor results in Ca 2+ mobilization and IP 3 formation, neither PAO nor vanadate aected these events induced by thrombin treatment (Yanaga et al., 1995; Greenwalt and Tandon, 1994; Helgadottir et al., 1997) . Moreover, the level of thrombin-induced IP 3 formation in v-src transformed Rat-1 cells was similar to that in control Rat-1 cells (Mattingly et al., 1992) . Thus, we conclude that PTP inhibitors and enhanced tyrosine kinase activity do not non-speci®cally aect the signaling through GPCRs.
To further study the role of PTPs in IP 3 formation induced by G q/11 protein-coupled receptors, we coexpressed a constitutively active form of Fyn PTK (active Fyn) in COS cells, together with M1 mAChR, and measured the carbachol-induced IP 3 formation. Co-expression of the active Fyn dramatically increased tyrosine phosphorylation levels of the cellular proteins both before and after carbachol stimulation (data not shown). We found that carbachol-induced IP 3 formation was inhibited in the active Fyn-introduced cells (Figure 3a) . The IP 3 formation was not much aected by wild-type or a kinase-negative form of Fyn ( Figure  3a) . Similar results were obtained when we used MEF cells (Ilic et al., 1995) instead of COS cells (Figure 3a) or a constitutively active form of Lyn PTK instead of Fyn (data not shown). Thus, increased tyrosine phosphorylation of the cellular proteins inhibits M1 mAChR-mediated IP3 formation. These results suggest that PTP activity is required for controlling the level of tyrosine phosphorylation and for ecient IP 3 formation induced by G q/11 protein-coupled receptors. ] i were monitored by microscopic calcium imaging using fura 2-acetoxymethyl as described previously (Aramori and Nakanishi, 1992) , and expressed as a ratio of the emission at 360 nm/380 nm excitation. Ratio values from ®ve cells were averaged. Ratio values varied between the two sets of experiments mainly because dierent objective lenses were used Then the respective cells were stimulated with 100 mM glutamate and with 100 mM carbachol as described (Aramori and Nakanishi, 1992) in the presence or absence of PTP inhibitors. The concentration of PTP inhibitors used was 10 mM okadaic acid (O.A.), 10 mM PAO (PAO), or 1 mM vanadate/3 mM H 2 O 2 (Vanadate). After 20 min incubation, the cells were treated with 5% trichloroacetic acid and [ To determine whether PTPs act before or after G protein activation, we used a GTPase-de®cient, constitutively active form of the Ga 11 subunit (Ga 11 -Q209L) (Qian et al., 1993) , and expressed the active form in MEF cells to examine the eects of the inhibitors on IP 3 formation. As compared with wildtype Ga 11 (Ga 11 -wt), expression of the Ga 11 active form alone resulted in a *2.5-fold increase in IP 3 formation (Figure 3b, control) . Co-expression with the active Fyn, which eciently inhibited carbachol-stimulated IP 3 formation in M1 mAChR-expressing MEF cells (Figure 3a) , had little eect on the active form of Ga 11 -stimulated increase in IP 3 formation (Figure 3b , Ga 11 -Q209L). Furthermore, the PTP inhibitor PAO had (Fusaki et al., 1996) . The formation of carbachol-induced IP 3 was measured as described in the legend to Figure 2 and was normalized against that in control cells. (b) Eect of active Fyn on the signaling downstream of activated Ga 11 . Wild-type (Ga 11 -wt) or a constitutively active form (Ga 11 -Q209L) of Ga 11 protein was co-expressed with the active Fyn in MEF cells. The ligandindependent formation of IP 3 in Ga 11 -Q209L cells was measured as described above and was normalized against that in Ga 11 -wt control cells. All experiments were carried out in duplicate or triplicate, and at least three times. The values represent means+s.d. of all results. The amounts of exogenous Fyn proteins were similar among COS transfectants of the three dierent Fyn constructs. Also the amounts of exogenous Ga 11 proteins were quite similar between transfectants Figure 4 Eect of PTP inhibitors on the interaction between M1 mAChR and Ga q/11 subunits. Ga q and Ga 11 -associated [ 3 H]QNB binding activities in the absence or presence of PTP inhibitors are shown. M1 mAChR was expressed in COS cells by transfection and the transfected cells were incubated with PTP inhibitors for 40 min. The concentration of the PTP inhibitors used was 10 mM PAO (PAO) or 1 mM vanadate (Vanadate). Then Ga q/11 was immunoprecipitated with anti-Ga q/11 antibodies and assayed for [ 3 H]QNB binding activity as described (Bluml et al., 1994; Okuma and Reisine, 1992) . The binding activities with PTP inhibitors were normalized against those without the inhibitors. All experiments were done in duplicate, at least four times. The values represent means+s.e.m. of all results little eect on the Ga 11 -Q209L-mediated IP3 formation (Figure 3b ). These data indicate that increased tyrosine phosphorylation of the cellular proteins do not aect after G protein activation in IP 3 formation signaling. Therefore, PTP activity as well as PTK activity (Umemori et al., 1997) is required before G protein activation.
We previously showed that tyrosine phosphorylation of Ga q/11 regulates the interaction between GPCRs and G q/11 (Umemori et al., 1997) . Consequently, when active Fyn was expressed in the cells, the Ga q/11 -associated [
